Over three decades ago, it was established that deficiency of either vitamin D or parathyroid hormone may lead to tetany and hypocalcemia (1, 2). Since then, there has been continued interest in the relationship between the biologic effects of these two agents. At one time it was believed that the D vitamins exerted their effects by stimulating the parathyroid glands, but this concept became untenable after it was established that vitamin D could induce hypercalcemia in hypoparathyroid organisms. More after the initiation of specific therapy (6). Harrison and Harrison (6) have favored the view that this retention is due to a direct action of vitamin D upon the renal tubular reabsorption of phosphate, whereas others (5) have considered it a consequence of decreased parathyroid gland activity.
Over three decades ago, it was established that deficiency of either vitamin D or parathyroid hormone may lead to tetany and hypocalcemia (1, 2) . Since then, there has been continued interest in the relationship between the biologic effects of these two agents. At one time it was believed that the D vitamins exerted their effects by stimulating the parathyroid glands, but this concept became untenable after it was established that vitamin D could induce hypercalcemia in hypoparathyroid organisms. More recently it has been proposed that the hormone exerts its characteristic effects only in vitamin D-fed animals (3) , and that the basis of this action depends upon a chemical interaction between the two (4) . These proposals are not satisfactory because there is considerable clinical and pathological evidence (5) suggesting that parathyroid hyperfunction exists in vitamin D deficiency. Certainly complete synergism of action seems most unlikely because of the well-established difference in the syndromes produced by their separate deficiencies (5) . On the other hand, there is no satisfactory explanation for the persistent hypocalcemia in D-deficient animals, in spite of apparent parathyroid overfunction, nor for the observations of Harrison, Harrison, and Park (3) that the administration of a standard dose of parathyroid hormone to a D-deficient rat results in little or no change in the concentration of either calcium or phosphate in the plasma.
Another problem that has remained unresolved is the explanation of the phosphate retention that occurs in a D-deficient animal or human shortly after the initiation of specific therapy (6) . Har- rison and Harrison (6) have favored the view that this retention is due to a direct action of vitamin D upon the renal tubular reabsorption of phosphate, whereas others (5) have considered it a consequence of decreased parathyroid gland activity.
A possible new insight into the nature of the vitamin D and parathyroid hormone relationship has come from mitochondrial studies (7) (8) (9) (10) (11) . It has been found that vitamin D and parathyroid hormone promote the release of calcium (as a phosphate salt or ion pair) from isolated mitochondria (7) , that they act synergistically, and that the presence of the vitamin is necessary for the hormone to exert this effect, although the converse is not true. The hormone has other effects upon the mitochondria that are neither produced by, nor dependent upon, the presence of vitamin D. These are the stimulation of phosphate (11), sulfate, and arsenate (9) accumulation, and a stimulation of respiration (8, 9 ) that appears to be coupled to the translocations of these ions. These effects are presented in schematic form in Figure  1 .
Certain predictions concerning the physiological actions of vitamin D and parathyroid hormone can be made on the basis of these in vitro observations. The most important prediction, in the present context, is that parathyroid hormone will exert its effects upon calcium translocations only in the presence of vitamin D, but will continue to exert effects upon phosphate metabolism in the D-deficient organism. (14) . Parathyroid hormone prepared as previously described (15) was suspended in oil and injected subcutaneously. The doses employed ranged from 25 to 2,000 U. In many cases a rather large dose, 100 to 150 U, was employed to produce significant hyperparathyroidism. 1 Obtained from colonies maintained on diet containing minimal quantities of vitamin D. Holtzman Co., Madison, Wis.
RESULTS
The effect of the injection of parathyroid hormnone. The data summarized in Table I confirm the observations of Harrison and co-workers (3). A dose of 100 U of purified parathyroid hormone caused an increase in plasma calcium concentration of the D-fed animal with intact parathyroid glands but, as noted by Stoerk and Silber (16), had little effect upon the phosphate concentration. A similar dose of hormone, administered to the D-deficient rat, had no effect upon the concentration of either calcium or phosphate. A dose of 500 U of hormone had little effect upon the plasma calcium of the D-deficient rat, but the administration of a massive dose of hormone, 2,000 U, to the D-deficienit animal did induce a rise in the concentration of calcium (Table I) . Necropsy and microscopic examination of renal tissue revealed no evidence of calcium deposition in the organs of these D-deficient animals injected with large doses of hormone. In contrast, the administration of 2,000 U of hormone to D-fed rats led to hypercalcemia, hyperphosphatemia (Table I) , and severe nephrocalcinosis within 18 to 24 hours. A dose as small as 25 U had a significant effect upon plasma calcium in these D-fed animals.
Effect of parathyroidectomy. The effect of parathyroidectomy in rats maintained on a lowcalcium diet supplemented with vitamin D (Diet (3) in that ordinary doses of parathyroid hormone do not alter the concentration of either calcium or phosphate in the plasma of the D-deficient rat. The present study, however, reveals that removal of the parathyroid glands from a D-deficient rat is followed by a dramatic rise in the concentration of phosphate in its plasma. The lack of change in the phosphate concentration of the plasma of the D-deficient rat given parathyroid hormone can be explained by the fact that phosphate excretion is maximally stimulated in this animal owing to the heightened production of endogenous hormone. It seems clear that parathyroid hyperplasia and hyperparathyroidism do exist in the D-deficient rat and that sufficient endogenous hormone is produced to maintain a high degree of control over phosphate metabolism. This amount of hormone, however, exerts little calcium mobilizing activity (Figure 2) . Likewise, the administration of a relatively large dose, 200 to 500 U, of purified bovine hormone, while inducing severe hyperparathyroidism in the D-fed rat, has little or no effect upon the concentrations of plasma calcium or phosphate of the D-deficient animal.
The lack of change in plasma calcium after (Table III) . This question of the adequacy of D-deficiency should no longer be a matter of uncertainty. One of the lasting contributions of Steenbock and his co-workers was the development of procedures for the routine preparation of D-deficient animals (12, 13) . The two most important features of these methods were 1) the employment of progeny from animals maintained for generations on diets containing minimal amounts of vitamin D and 2) the use of standardized purified diets. With these methods, it is possible to procure, with considerable assurance, vitamin D-deficient animals. The importance of employing animals with true and rather complete deficiency of vitamin D for studies concerned with defining the nature of its relationship with parathyroid gland activity cannot be overemphasized.
The question must also be raised as to the applicability of the present data to the human situation. Bernstein, Kleeman, Dowling, and Maxwell have described a patient with steatorrhea, hypocalcemia, and normal bone histology (18) in whom the administration of parathyroid extract produced no change in serum calcium or phosphate, but did increase urinary phosphate excretion. After treatment with vitamin D, the injection of the same amount of parathyroid extract resulted in a significant rise in serum calcium. Undoubtedly this patient suffered from a combined deficiency of calcium and vitamin D, but the important point is that he exhibited a relative lack of responsiveness to parathyroid hormone (as measured by serum calcium) when in the D-deficient state, but nevertheless exhibited a phosphaturia. These results are directly analogous to those in the present study, but mutst be interpreted with caution. It seems unlikely that D-deficiency in humans is usually as complete as that obtained in the laboratory. If this is the case, then compensatory hyperparathyroidism is sufficient to bring about the observed changes in plasma calcium and phosphate.
The observation that parathyroidectomy has little influence upon phosphate metabolism in rats fed a low-phosphorus diet confirms the data of Shikita, Tsurufuji, and Ito (19) . Even large doses of hormone will not lower the plasma phosphate below 7.0 to 10.0 mg per 100 ml in rats maintained on ordinary diets, but the plasma phosphate will fall to 1.0 to 3.0 mg per 100 ml in rats on a low-phosphate diet. In this latter case, the data recorded in Table II indicate that the hypophosphatemia is not a result of parathyroid hyperactivity. In fact, in rats on a high-calciumlow-phosphate diet, indications are that the parathyroid glands exhibit minimal activity. A similar conclusion was reached by Shelling nearly 30 years ago (2) .
The data in Table II do bring out one point of interest. Vitamin D given to rats on a high-calcium-low-phosphate diet produces a significant increase in plasma phosphate (in a situation of minimal parathyroid activity). This finding possibly supports the thesis of Harrison and Harrison that vitamin D has a direct effect upon the renal retention of phosphate (6) , which in our present understanding of the mitochondrial systems implies that physiological concentrations of vitamin D increase the tubular reabsorption of calcium-phosphate (similar but less striking than its effects upon promoting calcium-phosphate absorption from the gastrointestinal tract). Gran (20) has recently suggested that vitamin D promotes renal tubular reabsorption of calcium.
The most important aspect of the present study is that concerned with the relationship between the in vivo observations and the alterations in mitochondrial function produced by vitamin D and parathyroid hormone in vitro. The prediction made upon the basis of the mitochondrial responses has been verified in this study (Figure 2 ). The nature of the time course of events depicted in Figure 2 can be directly related to the two mitochondrial systems (Figure 1) . The initial fall in plasma calcium and phosphate in the D-fed rat could be considered a reflection of calcium and phosphate movement out of the extracellular compartments owing to a decrease in the activity of a vitamin D-and hormone-dependent calcium-phosphate transport system. The subsequent rise in plasma phosphate might result from a suppression of a hormone-dependent, vitamin D-independent phosphate transport system. In the D-deficient rat the activity of the release system is already suppressed, so that a change in only the latter system occurs after parathyroidectomy. This does not imply that changes in the activities of these mitochondrial membrane systems are solely responsible for the changes in vivo. There are a number of reasons that make it likely that the plasma membrane of some cells possesses similar transport systems (9) .
The only unexpected result was that obtained by the administration of a massive dose of hormone to a D-deficient animal (Table I) . Here the mitochondrial studies would have predicted no change in plasma calcium, but there was a significant rise in this value after the administration of 2,000 U of hormone. Neither endogenous hormone (Figure 2 ) nor lesser amounts of exogenous hormone, 200 to 500 U, had any significant effect upon plasma calcium. Thus for these latter doses, the prediction was verified. The result with the massive dose has prompted a reinvestigation of the response to hormone of mitochondria from D-deficient rats.
The fact that a massive dose of hormone will return the plasma calcium concentration to a normal value even in the D-deficient rat is of considerable interest because it raises the question of why the parathyroid glands of the D-deficient hypocalcemic rat do not hypertrophy and increase hormone production sufficiently to compensate for the lack of vitamin D. One obvious possibility is that the demand is greater than their ability to compensate. Another is that vitamin D may play a direct role in the glands' response to hypocalcemia.
SUM MARY
The effect of parathyroidectomy and parathyroid hormone administration upon the concentrations of plasma calcium and phosphate have been measured in vitamin D-deficient rats and the results compared to those observed in D-fed animals. Also, the influence of dietary calcium and phosphate content upon these responses has been investigated. Parathyroidectomy in the D-fed animal results in a rapid fall in plasma calcium and a biphasic plasma phosphate response with an initial fall followed by a striking rise. In contrast, parathyroidectomy in the D-deficient rat is followed by no significant change in plasma calcium and an immediate rise in plasma phosphate that can be prevented by the administration of parathyroid hormone. Dietary phosphate restriction abolished the effect of parathyroidectomy in both groups of animals.
Administration of a dose of 500 U of hormone to the intact D-deficient rat had little influence upon plasma calcium; a dose of 2,000 U did increase plasma calcium. A dose of 25 U was sufficient to increase the plasma calcium of the D-fed animal. These results are discussed in relation to the effects of vitamin D and parathyroid hornone upon mitochondrial metabolism.
